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A Similitude of an Unpowered Pneumatic Tire 
V. C. Pierrot and W. F . Buchele 
Assoc. MEMBER ASAE MEMBER ASAE 
WH E N a farmer tills a field wi th a wheel -suppor ted disc ha r row or 
pulls a loaded wagon th rough a soft 
field, t he speed and efficiency of his 
operat ion d e p e n d on the relationship 
be tween each tire and the soil. This 
varies wi th different wheels , changing 
soil conditions, and other factors. T h e 
object of this research was to deter-
mine t he variables involved and thus 
give common ground for the s tudy and 
comparison of the tire-soil relationships 
causing rolling resistance. 
T h e principles of similitude as they 
apply to the theory of models ( 2 ) * 
were used to de termine the variables. 
According to the Buckingham Pi T h e -
orem, if a problem can b e analyzed 
wi th the dependen t variable as a func-
tion of the contr ibut ing i ndependen t 
variables, t he variables can be ar ranged 
in a n u m b e r of i ndependen t p i terms. 
T h e theory of models states that , for 
a mode l system and pro to type system 
governed b y the same controlling vari-
ables, if all i ndependen t p i terms are 
held equa l for the two systems (i.e., all 
design conditions are satisfied), the in-
d e p e n d e n t p i terms will also b e equal . 
Thus , if all variables have been identi-
fied and all design conditions have been 
satisfied, one can pred ic t results for the 
pro to type system by s tudying the phe -
nomena on a model system. Con-
versely, if all variables have not b e e n 
identified, all design conditions have 
not been satisfied, and the predict ion 
equat ion will be invalid. 
ANALYSIS 
First, it was necessary to consider all 
the i ndependen t variables tha t could 
conceivably affect the dependen t vari-
able. T h e dependen t variable consid-
e red here was rolling resistance R. T h e 
independen t v a r i a b l e s were divided 
into three groups: tire variables, soil 
variables, a n d external variables. 
Tire Variables. T h e t read wid th B, 
tire d iameter D , and t read configura-
tion Xj were the geometr ic variables 
considered. T h e inflation pressure and 
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FIG. 1 Illustration of variables. 
carcass stiffness were bo th known to 
affect t he total t ire stiffness; thus, a 
pa ramete r measur ing the resul tant tire 
stiffness, spring ra te K, was used. T h e 
wheel mass density p w was inc luded 
to allow for the rota t ing force vector 
p roduced by the radial acceleration of 
the whee l mass. 
Soil Variables. (1) A theory has been 
proposed tha t rolling resistance is a 
function of the energy used in compact-
ing the soil; thus, t he compact ion C was 
considered. T h e soil particles were ac-
celerated d o w n w a r d as the surface was 
compacted ; therefore, t h e soil mass 
bulk density, p s , was included. 
External Variables. T h e velocity V 
was inc luded to allow for effects of 
rate of shear on soil s t rength. Load W 
was known to increase sinkage which 
directly affected rolling r e s i s t a n c e . 
Gravitat ional acceleration g was con-
sidered because of its possible effect 
on surface phenomena . 
Variables are summar ized in Tab le 1. 
TABLE 1. LIST OF VARIABLES 
Symbol Description Dimensions 
R Rolling resistance F 
Tire variables 
D Tire diameter L 
B Tread width L 
^ . Tread configuration L 
p Wheel mass density FT2 /L4 
K Spring rate F /L 
Soil variables 
p Soil mass bulk density FT2/L4 
C Soil compaction F /L 2 
External variables 
V Velocity L/T 
W Vertical load F 
g Gravitational acceleration L/T3 
According to the Buckingham Pi T h e -
orem, the n u m b e r of p i terms is equa l 
to the number of variables minus the 
n u m b e r of dimensions or 11 — 3 = 
8 77 terms. Fol lowing are the terms 
ar ranged in functional form: 
P* 
KD 
"IT' 
CD .V* 
D 
V2 
p w # u gD 
T h e following design c o n d i t i o n s 
were established: 
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Predict ion equa t ion : 
R
 = Am 
w wm 
I t was obvious tha t it wou ld have 
been impossible to satisfy Condi t ion 5 
as the soil conditions were varied. H o w -
ever, p w h a d b e e n inc luded to allow 
for the effect of the whee l mass accel-
eration and this was considered negligi-
ble because of the low velocities at 
which the tests were run. Condi t ion 
5, therefore, was disregarded. 
Also Condi t ion 6 a n d Condi t ion 7 
could not b e satisfied simultaneously as 
soil conditions were varied. Assuming 
the compact ion of the soil to b e the 
controll ing factor, all surface phenom-
ena affected by gravity were considered 
negligible, and Condi t ion 7 was dis-
regarded . 
Thus , t he problem consisted of ana-
lyzing the following functional relation-
ship: 
-*-= F (*° 
w w 
P*V2 
CD 
) 
D 
B 
E Q U I P M E N T 
Tests were m a d e in the Model Till-
age Labora tory at the Agricultural En-
gineering Building, Iowa State Univer-
sity (F ig . 2 ) . T h e soil was contained 
in a movable 3V2 x 14-ft b in opera ted 
on a 50-ft track. Power was provided 
by a 1-hp, variable-speed motor. A 
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FIG. 2 Overall view of model tillage laboratory; left, soil renovation equipment; center, dynamometer; right, recording equip-
ment. 
4-speed transmission t ransmit ted the 
power to a roller chain fastened to the 
bin. An infinite range of speeds u p to 
5 m p h was available. 
T h e soil renovat ing equ ipmen t was 
suspended over the tracks ahead of the 
test ing area. This consisted of an elec-
t r ic-powered rotary tiller, an inclined 
leveling blade, and a power-dr iven 
roller. 
T h e dynamomete r ( test ing device) 
which was suspended over the tracks 
at the m i d w a y point, consisted of a 
parallel ba r l inkage wi th one leg fixed 
and one leg suppor t ing the whee l (Fig . 
3 ) . A platform on top of the free leg 
carried the vertical load. SR-4 gages sit-
ua ted on the tension and compression 
sides of the free leg and wired in the 
form of a Whea t s tone Bridge measured 
the b e n d i n g m o m e n t which was di-
rectly proport ional to the rolling resist-
ance. 
An eight channel Offner D y n o g r a p h 
recorded all signals. A maximum sensi-
tivity of 10 m v pe r cm was possible. 
T h e five tires selected for the tests 
each h a d a s traight r ibbed t r ead to 
el iminate t h e t read v a r i a b l e . T w o 
Goodyear tires wi th a p p r o x i m a t e l y 
equa l D:B ratios and identical t read 
profiles were considered as a model -
pro to type system (des igna ted as Tires 
A m and A p ) . T w o Goodrich tires h a d 
equal D:B ratios bu t different t read 
FIG. 3 R o l l i n g resistance dynamometer 
with platform load. 
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profiles. Al though it was not known 
how the difference in profile would af-
fect the results, these two tires were 
considered as a model -proto type sys-
tem to check the adequacy of D, B 
and K as descriptive variables (desig-
na ted as Tires Cm and C p ) . A fifth 
tire tested h a d a D:B ratio be tween the 
two model -proto type systems and a 
t read profile similar to Tires A m and 
Ap (des ignated as Tire B ) . Tire di-
mensions are given in Tab le 2. a<p 
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FIG. 4 Test tires (left to right): tires Ap 
and Am (prototype and model); tires C p 
and C m (prototype and model, and tire B. 
Soil All tests were m a d e in Con-
garee silt loam, an Alabama soil. T h e 
l iquid limit and plastic limit were 55 .5 
and 33.7 percent , respectively. T h e 
moisture content r anged from 20.9 to 
23.5 percen t dur ing testing. 
P R E L I M I N A R Y T E S T I N G 
Measurement of K. T h e spring ra te 
K was de te rmined by the use of a 
seismic accelerometer. T h e accelerome-
ter was fixed to a horizontal link con-
FIG. 5 Data used to determine s p r i n g 
constant for one tire. 
nect ing the whee l frame to the station-
ary frame. 
Vertical loading of t he whee l frame 
p roduced a v e r t i c a l d i s p l a c e m e n t 
identical wi th t h e t ire deflection. This 
resul ted in an angular d isplacement of 
the accelerometer w i th respect to grav-
ity which was directly proport ional to 
the tire deflection. This pe rmi t t ed the 
direct electronic recording of tire de-
flection. 
Loads were appl ied in 10-lb incre-
ments for e ight inflation pressures from 
5 to 40 psi for each tire. 
After plot t ing Load versus Deflec-
tion for each test, the spring rates were 
calculated (K = L o a d / D e f l e c t i o n ) , 
TABLE 2. TEST TIRES 
Test No. 
A 
A 
B 
C 
C 
P 
Goodyear 4.10/3.50-4.00 
Goodyear 5.30/4.50-5.00 
Goodyear 4.10/3.50-6.00 
Goodrich 10/2.75 
Goodrich 4.80/4.00-8.00 
D 
10.15 
13.80 
12.20 
9.15 
15.50 
B 
2.70 
3.60 
2.80 
1.90 
3.22 
D / B 
3.759 Model 
3.833 Prototype 
4.357 
4.816 Model 
4.814 Prototype 
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FIG. 6 Plot showing relationship of spring 
constant to inflation pressure for one tire. 
and graphs were made of K versus In-
flation Pressure for each tire. 
During the rolling resistance tests, if 
a design condition called for a particu-
lar spring rate, the proper graph was 
consulted to determine the necessary 
inflation pressure. The curves for one 
tire are shown in Figs. 5 and 6. 
Measurement of C. A technique 
similar to that described by Nuttall 
and McGowan3 was used to measure 
the compaction. It was desired to de-
velop separate plates with sinkage char-
acteristics analogous to each respective 
tire. Experience had shown that the 
interface area between the soil and a 
rolling tire approached an elliptical 
shape; thus, elliptical plates were made, 
with the major axes proportional to the 
diameters and the minor axes propor-
tional to the tread widths of the re-
spective tires. 
Before each tire test a penetration 
test was made with the appropriate 
plate by using a powered plate pene-
trometer. The results were plotted in 
the form, P versus -=- (P = penetration 
Li 
pressure developed at any given depth, 
S = penetration depth, L = character-
istic dimension of plate) (See Fig. 8 ) . 
One plate and one soil condition 
were arbitrarily designated as standard, 
and the value of C = 1.00 was assigned 
to that condition. Each curve was then 
assigned the value of C necessary to 
make it coincide with the standard 
p 
curve when plotted in the form —-
S ^ 
versus —— (See Fig. 9 ) . 
Li 
Thus, only relative values of com-
paction were used. 
Measurement of p s . The soil mass 
bulk density was measured by taking 
an undisturbed soil sample from the 
top 1.5 inches and measuring the mass 
on a balance. The mass bulk density 
was calculated from the measured mass 
and known volume of the soil sample. 
TESTING 
As previously stated, the functional 
relationship being studied was the fol-
lowing: 
o.V2 
^ » - = F ( ™ -
W K 
D k, 
B ' D 
The first three, 
P s y 2 
— w p r p thfi 
KD 
W 
-) 
CD 
term s \ 
KD 
and 
the tests. The D:B ratio was equal for 
each respective model-prototype sys-
tem, and the \{ : D ratio was assumed 
to be equal since all tires had the same 
tread configuration although tires Cm 
and Cp had different tread profiles. 
Two series of tests were conducted 
on each tire to study the effects of the 
p . . t 
PLATE B; A R E A = 7 4 4 I N 2 
C= 2-400 
C= 1-814 
O i-400 
C* 1 0 0 0 
0 0 - 6 4 9 
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FIG. 8 Data for determining soil com-
paction parameter. 
three independent pi terms. During 
the first series of tests the velocity was 
varied through five steps for each of 
five soil conditions. From this series 
data points were obtained for five 
curves of R psV
2 
— versus J-^=— W 
each at a 
different value of CD 
~K~' 
During the second series the load 
was varied through five steps for each 
of five inflation pressures. From this 
series data points were obtained for 
n r R ^D 
rive curves or —— versus -=r- , each at W W 
a different value of CD 
~KT . For each se-
FIG. 7 Elliptical plates used on pene-
trometer. 
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ries all other pi terms were held con-
stant. 
0 4 0 S 0 6 0 
FIG. 9 Correlation of compaction data 
with use of appropriate values of C. 
After plotting the five curves each 
tor the——versus J-7T— , and-—7 versus Vv C W 
K D
 . , i 
tests with each curve representing 
CD 
a different value of —^~ , sets of data 
K 
were taken from each set of five curves 
at selected points along the abscissa to 
1 , r R CD 
plot curves of -==- versus „ at se-W 
p V2 lected values of - ^ — 
C 
K 
and^rz^. In the 
vv 
r i R PsV2 i 
case ot the - ^ 7 - versus -I-^1— plot, each W 
CD different value of represented a 
K. 
soil condition or change in C; thus, 
one plot of -===- versus-^r-was derived 
from a variation in C, while in the case 
of the T^T versus
 TT7 plot, each value of W W 
CD 
represented a different inflation 
pressure or change in K, so the other 
plot of -=JT=- versus „ was derived from W 
a variation in K. 
K 
K. 
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FIG. 10 Response to velocity variation. 
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FIG. 11 Response to load variation. 
Whi le it is t rue tha t each curve was 
obta ined by varying a specific variable, 
each curve should be in terpre ted as the 
response to the combinat ion of variables 
mak ing u p the pi term. A curve m a y 
be considered as a response to a spe-
cific variable in the i ndependen t p i 
term only if all other p i terms remain 
constant as tha t variable changes . 
P R E D I C T I O N R E S U L T S 
In most model studies, all the vari-
ables are known and the object is to 
predic t the effect of a change in these 
variables on a pro to type by s tudying 
a similar change on a model . 
T h e variables are combined into pi 
terms and tests are m a d e on the model 
varying the various i ndependen t terms 
while the response of the d e p e n d e n t 
term is measured . These results are 
then used to predic t the response of 
a pro to type under similar conditions. 
However , in this case the object was 
to de te rmine the variables involved b y 
finding the variables tha t h a d to b e in-
c luded to give a good predict ion. This 
was done by choosing a list of vari-
ables, forming them into pi terms and 
varying them one at a t ime over the 
same range for each tire. T h e results 
were then plot ted in the form 7T\ ver-
sus 7TX (77x = i ndependen t pi t e rm) for 
each model-proto type system. If the 
curves coincided, an accurate predic-
tion h a d been m a d e , thus confirming 
the choice of variables. If they failed 
to coincide, the predict ion was inac-
curate , and the choice of variables was 
incorrect. 
Shown below are sample sets of 
. CD 
curves represent ing a variation m — — 
for the two model -proto type systems as 
well as the comple te set for all five 
tires. As indicated in the plot for all 
five tires, the four curves represent ing 
tires Am , Ap , B and C m all coincided 
to a fair degree . If all design conditions 
h a d been satisfied, it was expected tha t 
D 
the curves for tires An . d A p (• B 
= 3.759 and 3 .833, respectively) would 
have coincided at one level, the curves 
for tires Cu l and C p ( - ^ - = 4 .816 and B 
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FIG. 12 Response to soil compaction vari-
ation. 
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FIG. 15 Correlation of response curves for 
tires Am and A . 
4.814, respectively) at another level, 
and the curve for t ire B ( — = 4 .357) 
D 
would have fallen somewhere be tween 
the two model -pro to type systems. 
T h e correlation for the tire A m — 
A„ model -pro to type system (identical 
t read profile) was considered good. 
T h e deviat ion from the m e a n of the 
two curves r anged from zero to seven 
percent . 
However , the correlation for the tire 
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FIG. 16 Correlation of response curves for 
tires CIU and CJ(. 
C m — C p model -proto type system (dis-
similar t read profile) was not as good. 
In this case, the deviation ranged u p 
to 30 percent . 
Al though it appea red tha t the tire 
C p curve was out of place, it is hypo-
thesized that actually it was the tire 
C m curve tha t was out of p lace and 
tha t it would have coincided wi th the 
tire Cp curve if t he tire C m t r ead pro-
file h a d been similar to the others. Con-
versely, it is hypothes ized t ha t t he coin-
cidence of t he tire B curve wi th those 
for tires A m a n d A p resul ted from the 
fact t ha t all th ree t read profiles were 
similar even though the D: B ratios were 
dissimilar. T h e coincidence of the tire 
B curve wi th those for tires A m and 
Ap, and the lack of coincidence of the 
curves for tires C m and C p indicated 
tha t the t read profile is a more impor-
tan t variable t han the D:B ratio for the 
dimensions considered here . 
Thus , t h e degree of c o r r e l a t i o n 
achieved indica ted tha t the variables 
assumed were adequa te for t he s tudy 
and predict ion of rolling resistance and 
sinkage. 
CONCLUSIONS 
1. T h e degree of correlation b e t w e e n 
mode l predict ions a n d pro to type re-
sults was sufficient to indicate tha t the 
principles of similitude can be effi-
ciently utilized to s tudy rolling resist-
ance. 
2. T h e variables affecting rolling re-
sistance are the following: 
a Tire geomet iy 
b Tire stiffness 
c Velocity 
d Load 
e Soil mass bulk density 
f Soil compact ion 
3. Soil compact ion can b e accurately 
descr ibed wi th relative values and can 
be measu red wi th a p la te pene t romete r 
by using elliptical plates scaled pro-
port ional to the t ire dimensions. 
4. T h e t ire stiffness can b e com-
pletely descr ibed b y the one pa rame-
ter, spr ing ra te , 
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